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SUMMARY

While the existing U.S. lighivaterreactors are highly reliabEndsafe and
provide a significant proportion of carbéme electricity, the cost of operating
and maintaining them has become less competitive compared to other electricity
generating sources. The reason for the gap in dpgraid maintenance costs
can be attributedt least in parto the advent of new digital technologies that
other electricity generating industries are currently using. Advanced capapilities
including digital instrumentation and control (I1&C) systems,aatbed
automation and analytics, andjreater span of data integration (i.e.,
connectednesscross these nonnuclear plamésetransformed the way work is
performed and ultimately given them a competitive advantage in terms of the
cost required for opating, maintaining, and supporting them.

To reduceoperating and maintenancesst and addresthe obsolescence of
the aging 1&C infrastructure of the existing U.S. ligtdter reactors, the U.S.
Department of Energy Light Water Reactor Sustainability RrogPlant
Modernization Pathway is conducting targeting multidisciplinary research that
delivers a sustainable business model to enable & oogietitive U.S. nuclear
industry anddevelopgechnology modernization solutiottsaddress aging and
obsolescece challenges.

The work described in this report supports these two objectives and describes
the demonstration of human and technology integration across recent industry
collaborations to support their largeale digital I&C modifications. This
technicalreportdescribes the demonstration of the human and technology
integration methodology in performing ftdtale performanebased humain-
the-loop tests to evaluate plagpecific advanced automation and data
visualization applications withintheseo | | abor at or sé di gi tal modi fi
technical reporélso documents future applications of human and technology
integration that expand beyond main control room modernization and digital 1&C
upgrades, which have been a central focus to @htes thistechnicalreport
discusses how to implement human and technology integration across new
business opportunities and how to develop an evaluation plan that defines
measures and criteria and documents key assumptions to support full plant
modernization.
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HUMAN AND TECHNOLOGY INTEGRATION
EVALUATION OF ADVANCED AUTOMATION AND
DATA VISUALIZATION

1. INTRODUCTION

Nuclear powelis a safe, reliable, and carbénmee electricity generating source for the United States
The existing U.S. lightvater reactors (LWRs) haxonsistentlyprovided on averageoughly20% of the
nationds el ectr i cedadthg higgestmagacita faatoo of pver &6 aler thé mast dvo
decade’ as seen ifrigurel.

Nuclear Share of Electricity Net Generation -O~Nuclear Generating Units, Capacity Factor
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Figurel. Nuclear power generation and capacity factor over the past two decades

While the existing U.S. LWRs are highly relialded safe and provide a significant proportion of
carbonfree electricity the cost of operating and maintainithggmhas becoméesscompetitivecompared
to other electricity generating sourcé®e reason for the gap in operating and maintenance (O&M) costs
can be attributedt least in parto the advent of new digital technologies that other electricity generating
industries are currentlysing. Advanced capabilitiegcluding digital instrumentation and control (I&C)
systemsadvanced automation and artalg, anda greater span of data integration (i.e., connectedness)
across these nonnuclear plangetransformed the way work is performed and ultimately given them a
competitive advantage in terms of the cost required for operating, maintaining, padtsly themTo
reduce O&M costand addrestheobsolescence of the aging I&C infrastructure of the existing U.S. LWRs,
the U.S. Department of Energy (DOE) Light Water Reactor Sustainability (LWRS) Program Plant
Modernization Pathway is conducting tategtresearch and development (R&D) to keep the existing U.S.
nuclear power plants economically viable and extend their lifespans by improving their performance
through two complementary mission areas:

1 Delivering a sustainable business model that enaldestaompetitive U.S. nuclear industry
1 Developing technology modernization solutions that address aging and obsolescence challenges.

The DOE LWRS Program Plant Modernizati®athwayis accomplishing this mission through a
multidisciplinary R&D approach. Ti& report describesa demonstration of human and technology
integration(HTI) aspects of aLWRS Program Plant Modernization Pathwd@iiie intent of tis technical

1 Datafrom https://www.eia.gov/totalenergy/data/annual/



report is to document the most recent collaborations with industry in demonsti&tingperforming fulk

scale performancebasedhumanin-the-loop tests to evaluate plaspecific advanced automation and data
visualization applicationst also documents fututdTI applications that expand beyond main control room
modernization and digital 1&C upgrades, which have been a central focus td a#bés end, this report
discusses how to implemer® | across new business opportunities and how to develop an evaluation pl

that defines measures and criteria and documents key assumptions to support full plant modernization.
Specifically, the work descrildgn this report is broken up into six additional key sections.

1 Section2 describes the U.S. DOE LWRS Program Plant Moidation Pathway key and cress
disciplinary R&D areas

f Section 3 presents and discusses the Integrated Digital Environment Roadmnchpresents key
phases that characterize major digital upgraidiews a systems engineering approaghdcovers
how the R&D areas described in Section 2 are applied across the project lifecycle

f Section 4focuses on the role and executiorHdil, covers theHT| objectives and scopshares
enabling tenets that characterize effectivid execution to meet its objectivemd discussesie
methodfor HTI, as originated from INL/EX121-64320,which usesthe Integrated Digital
Environment Roadmap as a common framework for its application

1 Section Horovides a summary of the continued demonstratidfifdfacross major U.S. indtrg pilot
projectsandbuilds on thewvork described in INLRPT-22-68472, INL/RPTF22-70538, ad INL/RPT-
22-71395by addinglessons learned from the mostenteffortsin theseprojects

f Section &discusgsnext steps in this R&Phighlights howHTI can be applied to plant areas beyond
the main control rooand proposestao-phased approach, characterizedsbgpingHTI to address
critical functions and tasks impacted by a major upgradeterdetailed analysisf these functios
and tasks to ensure safe, reliable, and efficient use of the proposed technology

1 Finally, Section 7concludes with final remarks and next stejith this research area

2. PLANT MODERNIZATION RESEARCH

There are four key R&D areas under the U.S. DOE LWR$r@rn Plant ModernizatioRathway
These includeintegration operations for nucledfON), digital infrastructure, data architecture and
analytics, andHTI. These areas have different focuses but complement each other to suppattaey
mission. Furtherthere has been recent focus on implementing -@issiplinary research in information
automation and digitalization. These areascharacterized irFigure2. The next subsections describe
these areas in terms of their scope, objectives, and relevant work to delivering a sustainable business model
and developing technology modernization solutions that collectively enable the U.S. nuclear industry to be
costcompetitve while addressing aging and obsolescence challenges.
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Figure2. R&D areas of the U.S. DOE LWRS Program Plant Moderniz&athway(adapted and
generalized from INL/EX721-64580)

2.1 Key Research and Development Areas

The fundamental goal of thmthwayis to extend the life and improvkee performance otheexisting
LWR fleet through modernized technologies and improved processes for plant operation and power
generation. This effort is both technical and sociotechimaaature and thus requires a multidisciplinary
effort. A strategic assessment of the economic viability of how busidegsn digital technology can
transform the way work is done is accomplished through ION. Moreawarstainable infrastructure that
enablesaneffective transition of legacy analog equipmied advanced digital equipment is accomplished
throughdigital infrastructure. Advanced technologas developed througlata architecture and analytics
and are integrated into the digital iastructure teliminate labofintensive tasks. Finally, to ensure that
the advanced technologies and changes to existing processes and training can be safely, reliably, and
effectively usedHTI is applied.

2.1.1 Integrated Operations for Nuclear

The primary gokof ION is to delivera sustainable business mottedt enables a cesbmpetitive U.S.
nuclear industrylON is rooted in the concept aitegrated operationdO), which was a driving concept
in the renewal of the North Sed and gasndustry (Thomaset al., 2020)I0 can be characterized as a new
way of doing business through the strategic use of technology that £pabjgde to remotely monitor
processesseamlesshaccess important information, and collaborate across different geospatial regions to
perform work safely and in an environmentally friendly way (RosendahHapdg 2013). Within the oll
and gas industry, 10 addreskchallenges of having personnel, suppliers, and systems located across
different geospatial locations (i.e., onshore, offshore, and in other countries), asiSgenei8.
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Figure3. ThelO conceptadapted from INL/EXT20-59537).

I O @lulosophyto strategically us technology to enable retime coordination, monitoring, and
information exchange to perform work significantly reduced O&M st the industry(Thomas et al.,
2020) The 10 way of performing work required the oil and gas industry to fundamentaitykrétihw work
could be perfor med capabilitiesihgnkingRaSendahl pnHépsg@013P) Key stepd
include defining the operational context, defining the core capabilities (i.e., through identifying key
decisions that the organizatiorust make to meet its objectives), defining the subcapabilities, evaluating
and defining the capabilitiesdéd resources through 1
(PTPG) and developing an implementation ptaat enables 10

These fousteps and holistic analysis of the impactrahsformational change through PTPG provides
the foundation of IONL ONG6s wuse of capabisrepresentedifigured nki ng and P
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Figure4. The ION capabilities framework (adapted from INL/EERT-59537).

ION follows a topdown approach, as seigrthe top left ofFigure4. Similar to defining the operational
context of 10, ION begins by determining a markased price point for generating electricity that
maintains market competitiveness (Remer et a2320rhe total O&M budget is then allocated to key plant
resources (capabilities). Capabilitisach a®perate the plantre decomposed further into subcapabilities
and work functions. At the work function levelprk reduction opportunities (WROSs) adentified and
assessed through the impact on PTPG. This assessment is at the bdtigunezf. As more WROs are
identified and assessed, the implementedhnologés can be rescaled to new work functions,
subcapabilities, and capabilitiess shown toward the right &fgure4. Recently, ION developed target
cost reductiomf onethird to remain cost competitive by considering technologies that could be used within
the next 85 yearsthis work was described &8N Generation {Remer et a).2023). A set of WROsvas
identified and clustered into 10 critical work domain (CWDs). These CWDs are outlifiégluire5 and
provide abasis for targeted R&D across the other LWRS Plant Modernization Patbsegrch areas

Remote
Collaboration

Advanced Training
Technology

Advanced
Plant Automation Analytics/Assurance

Figure5. CWDsof ION Generation Iadapted from INL/RPR22-70538.



2.1.2  Digital Infrastructure

As described in INL/EXT21-64580, thedigital infrastructure effort establishes the comprehensive
physical and logical foundation to support advanced capahilisiesh as those developed data
architecture and analytiesd informed through ION. Thuigital infrastructure is presented through selera
levels adapted from the Purdue Enterprise Reference Architeasilfestrated inFigure®6.
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Figure6. Simplified digital infrastructureadapted from INL/EXT21-64580).

The Purdue Model network levelse., ranging fromLevelsO to 4) are depictedfrom bottomto top
and are characterized by the functions performed and associated requirements of these favetseiyg,
the U.S. NucleaRegulatory Commission (NRC) Cybersecurity Levels that address governing requirements
of 10 Code of Federal Regulation (CFR) 73.54 are depicted in an inverse order of the Purdue Model network
levels (i.e., ranging fronLevels 4 to 1). The digital infrastrucure framework depicted ifrigure6
champions utilizing a two platform 1&C approach, using a digital safety system and nonsafety distributed
control system; it alsmngps how the specific types abftware applications ankardware required to
operate, maintain, and support the plant can be incorporated across the infrastructure in a way that addresses
regulatory requirements while ensurinige cost associated with the entieguipmentlifecycle is
economicallyviable to receive subsequent license renewals to operate for a totadll@f08@earsThe
digital infrastructure provides thi&C framework that will support plant transformation as idedi
through ION and by using technologies developed and demonstrated across industry adaltavith
architecture and analytics

2.1.3

Dataarchitecture and analytickevelops and demonstrates advanced monitoring and data prgcessin
capabilities to replace labamtensive plant support tasks. These capabilities leverage machine learning
(ML) and artificial intelligence (Al) techniques to automate burdensome tasks to significantly increase
efficiencies and rededoth system and humaerros (Agarwalet al., 2022). Therkave beenliverse use
cases demonstrateal this areaincluding conditiordbased monitoringXgarwal et al., 2022) automated
outage risk and technical specification compliance (St Germain, Masterlark, Priddy, dad2@E®),
automated work packages (Al Rashdan, Oxstrand, and Agarwal,, 2@itBputetbased proceduresr
field workers (Oxstrand, Le Blanc, and Bly, 20,l&hdautomated fire watcfAl Rashdan, Griffel, and

Data Architecture and Analytics
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Powell, 2019). The application of these advahcapabilities provide asignificant opportunity to reduce

cosk across plant support functions by transforming the way work is done at the plant, transitioning from
labor-centric to technologgentricmodels Their integration across thagital infrastucture, as seen in
Figure6, are seen at Purdue Modedvel 4.

2.1.4  Human and Technology Integration

Any largescaleplant transformation effort is both a technical andiotechnicakndeavarFollowing
this perspective, the reason for a nuclear power plant is to produce electricity, which is achieved through
purposeful functions. The functions that comprise the @lemtichieved through the cooperatomiween
technological systems and people who perform work. The interaction between people and the systems and
the interaction between people within the organization necessary for operating, maintaining, and supporting
the plant is of primary focus féfTI. Specifically, theHTI research area utilizes human factors engineering
(HFE) frameworks, principles, methods, and tools to erntbergafe, reliable, and efficiency use of the new
technologies considered through thbestLWRS Program Plant Modernizati®athwayresearch areas.
Section4 coversthe HTI research areim moredetait although it is worth noting here that the scopsf
HTI spans several important topics, including:

1 The design of humasystem interface@SIs), procedures, and training

1 The design of information to support organizational decismaking and situation awarengsgse
Section2.2.])

The design of the workstation and workplace
The design and application of IML and implications associated with trust and transparency

Technology acceptancimpacting worker attraction and retentiavith emerging technology

= =/ =4 =4

Considerations of emerging technology on organizational effectiveness and teamwork

2.2 Cross -Disciplinary Areas

Two recent crosslisciplinaryplant modernizatiorresearch aredacludeinformationautomation and
digitalization.

221 Information Automation

Theinformation automationesearch arefocuses orthe customization and delivery of infoation to
support work processegthin the plantSpecifically, this research areecigrrently focusing o improving
nuclear power plant performantteough systematicallgeveloping information availability solutions that
enable more timelglecisionmakingi n t hi s ar ea. The current state o
correcive action progranfor the performance improwsentprocess. However, with only this data, more
time is needed to treraty performance parametdos investigatingsignificant events. This research area
is therefore developing a cesffective issue resolution process that uses information automation and
AI/ML applications to identify these trends more quickly and enable proactive denisiking. The
research alsemphasizesaking a sociotechnicahpproach ands leveragng methods such asognitive
work analysis(e.g., Dainoff, Hettinger, and Joe€2022) and ystem theoreticprocessanalysis (STPA
Leverson and Thomaf018 to identify parts of the systems thavaive human interactionVithin this
framework,we posit that information automation can be modeled airdarmation control structuceto
provide a functional mapf the sociotechnical system. Interaction points indicatethe information
control structurearet hen used to assess and identify potenti
exchange structurés such, opportunities to apply Al/ML applicationsidze leveraged at thepoints.

2.2.2  Digitalization

Digitalization is the process of incorporating digital technologies into business processes to improve
performancesuch as through increased efficiencies or reduced #rtberefore utilizes the digitizath of
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work tools (e.g., electronic work packages or information automation) to transform the way in which work
is perforned An important element tdigitalization is to leverageeamless digital environmenighich
seamlesslyntegrate information from pht systems and processes for staff to perform work. This research
is focusing R&Don leveraging capabilities like electronic work packages, smart planning and scheduling
technologies, dynamic instructions, and data analytics like information automatigréee performance,
reliability, and safety across the plaRigure7 shows a illustration of how digitalization is being put into
context in tlis emergingR&D area.

Dalaxprocessing to - Information Object

Data (~ ntegrate and apply (result of a pre-canned
COUDRT SR R D query of the data; result

lnférmalmﬂ- ‘ of data processing)

Digitalization is the use of information to optimize work processes,

Information
Automation is the
customization and

Insight (delivery of
information that

delivery of generates knowledge for Decision and Action
information for a - a work purpose)

work process Analytics are applied here

Figure7. Process magpf the relation betweeimformationautomation andligitalizationresearch areas

3. A SYSTEMS ENGINEERING APPROACH TO MODERNIZATION:
THE INTEGRATED DIGITAL ENVIRONMENT ROADMAP

Applying systemgngineeringas a holistic approach to managegkescalenuclear power plardigital
modificationshas gained momentum in the U.S. indusile¢tric Power Research InstituieHRI, 2021).
Per the International Council on Systems Engineering (INCOSHgmgsngineering can be defined as
(i.e.,bolding with underlines representsur emphasis)

€ A ninterdisciplinary approach and means to enable the realization of
successful systems. It focuses on defining customer needs and required
functionalityearly in the development cycledocumenting requirements, and
then proceeding with design synthesis and system validation gdmilgering

the complete problem operations, costs and schedule, performance, training
and support, test, manufacturing, and disposal. Systems engineering integrates all
the disciplines and specialty groups inteam effort forming astructured
developmentprocessthat proceedfom concept to production to operation
Systems engineering considers both the business and technical needs of all
customers with the goal of providing quality prodilzt meets the user needs
(INCOSE, 2a5).

As highlighted, thererae s ever al i mportant characteristics
systems engineering is interdisciplinary in nature, requiring perspectives from many domains working as a
team. Secondly, systems engineering is appilat early in and througoutthe project lifecycldi.e., this
entails the operation and decommissioning of systems). Finally, a key point here is that systems engineering
uses a structured process that considers multiple inputs (e.g., cost and schedule, performance, training)
while also being driven to meet user (i.e., stakeholder) needs.
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The scope of systems engineering goes beyond nuclear,pewaited for the design and evaluation

of complex systemsgnd is predicated n t he concept of Asyst emsvhs cihenc

focuses on identifying, exploring, and understanding patterns of complexity (INCOSE, 2015). Complex
systems, like nuclear power plants, exhibit interactions that can be unpreditdipleriinear and can

result in emergent patterns. In such systetmraditional engineering approaches that use decomposition to
understand specific subsystems and components must be balanced with approacineeitstaind the
system as a whole using iterative exploration and adag®isuch, a foundational principtd systems
thinking and systems engineering isléeerage both traditional and integrative engineering approaches.

TheEPRIDigital Engineering Guide (DEG) is an applied framework of systems engineering to support
significant digital modificationsfor nuclear power plant§he scope of the DEG goes beyond the scope of
this technical report, swe referthe reader to EPRI Technical Report 3002011816 (2021) for more
information. Although, it should be noted here that the DEG is an indestigrsedngineeringprocess
that has been leveraged to suppdh$.di gi t al upgrades, such as with
( CE Gsafetyrelated digital upgradeg ., Hunton et al., 2021

The DEG supports a multidisciplinary approach, including HFBresof the primarguldisciplines
(seeFigure8), to:

1 Focus on meeting stakeholder needs with acceptabl@.daskiollowing a graded approach)

1 Meet requirements ih opposing constraints

f Follow a multidisciplinary approach that does not allow any single discipline to govern the solution
f

Focus on minimizing development and lifecycle costs through a holistic and integrative approach
(Kovesdi, Mohon, and Peders&anMiguel, 2023).
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Figure8. DEG breadth of disciplines (adapted from INL/EXT-64320).

The DEG(2021) applies general systems engineering and dosecific guidance across distinct
engineering phasesepresenting the lifecycle of a major digital modernization proj€cese phases
include initial scoping, conceptual design, detailed design, installggianning, installationtesting,
closeout, and O&MFigure9 outlines these keproject lifecyclephasesmaps key technical activities
performed by the LWRS PrograPlant ModernizatioRathway(i.e., withHTI highlighted) and introduces
a new phase callestrategic planning
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Figure9. Integrated Digital Environment Roadmap.
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